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Abstract: While the removal of seminal plasma is a routine practice prior to equine sperm
cryopreservation, this fluid contains the main source of antioxidant enzymes able to scavenge
these reactive oxygen species. Therefore, stallion seminal plasma components may have an impact
on ejaculate freezability. Against this background, this study was designed to investigate whether the
activities of the main stallion seminal plasma antioxidant enzymes are related to sperm cryotolerance.
With this purpose, 16 ejaculates were collected from 14 healthy stallions, and each ejaculate was
split into two aliquots. The first one was used to evaluate the activities of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPX), and glutathione reductase (GSR) in seminal
plasma. The second aliquot was extended and then processed for cryopreservation. Sperm motility
and viability were evaluated before and after cryopreservation, and ejaculates were classified as of
good (GFE) or poor freezability (PFE) based on total motile and viable spermatozoa at post-thaw.
We observed that, while the specific activities of CAT, GPX, and GSR were similar between GFE and
PFE, that of SOD was significantly (p < 0.05) higher in GFE than in PFE. We can thus conclude that, in
stallions, the specific activity of SOD in the seminal plasma of a given ejaculate might be related to
its freezability.
Keywords: seminal plasma; sperm; equine; cryopreservation; antioxidant enzymes
1. Introduction
Cryopreserved stallion semen is widely used in the equine breeding industry. Indeed, not only
does cryopreservation of stallion sperm facilitate their availability and transport, but it also preserves
the genetic material for an unlimited period [1]. However, the plasma membrane of stallion sperm
contains an elevated content of polyunsaturated fatty acids [2], which makes this cell highly sensitive to
oxidative stress and subsequent lipid peroxidation. Since the process of freezing and thawing exposes
sperm to severe cold shock and osmotic stress, their survival and fertilizing ability can be greatly
compromised [3]. For this reason, efforts have been made to improve stallion sperm cryopreservation
over the last years, testing the use of different cryoprotectants, including glycerol [1]. However,
optimizing cryopreservation protocols is still needed, as there is room to increase the fertilizing ability
of frozen–thawed stallion sperm.
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While in cattle, selection of sires is based on the assessment of reproductive parameters, including
sperm freezability, stallions are selected according to a specific phenotype mainly related to sport
performance, which is not usually in line with sperm cryotolerance [1,4]. Moreover, in horses, as in
other mammalian species, there is a high individual variability in the ability of sperm to withstand
freezing and thawing procedures [4–8]. These differences, which appear to be partially related to the
lipid composition of sperm plasma membrane, lead stallions to be classified as of “good” or “poor”
freezers [4,6].
Seminal plasma, which is the fluid containing the sperm at ejaculation, is produced by the
epididymis and accessory sex glands, and is made up of proteins, ions, and organic substances, such as
amino acids, lipids, monosaccharides, and hormones [7,9]. In mammals, this fluid is known to play a
vital role for sperm function, both in the male and female reproductive tract [10]; however, conflicting
results have been reported with regard to their beneficial or detrimental effects during storage of
cooled and cryopreserved equine semen [6,8,9,11]. For this reason, most of the seminal plasma is
usually discarded before cryopreservation, as this minimizes the negative impact on sperm motility
and viability during sperm storage. However, the inclusion of a low proportion of seminal plasma,
from 1% to 20%, has been reported to have a positive effect on sperm motion characteristics [7,8,12].
On the other hand, seminal plasma plays an important antioxidant role against the oxidative
damage of spermatozoa. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX),
and glutathione reductase (GSR) are the major antioxidant enzymes present in mammalian seminal
plasma, and are involved in the scavenging of reactive oxygen species (ROS) [13,14]. As stated above,
at the time of ejaculation, sperm and seminal plasma mix. Thus, even in those cases in which seminal
plasma is completely removed before cryopreservation, sperm are in contact with seminal plasma for a
short period of time. While variations in the composition of seminal plasma have been reported to
exist between individual stallions [15,16], no previous study has determined whether the activity of
antioxidant enzymes in seminal plasma is related to sperm cryotolerance.
Against this background, the aim of the present work was to determine whether the activities of
SOD, CAT, GPX, and GSR in seminal plasma (fresh semen) are related to the sperm ability to withstand
the freezing and thawing procedures, as not only could this shed light on how sperm cryopreservation
works in equines, but it could also be a useful tool to predict the suitability of a given stallion ejaculate
for sperm cryopreservation.
2. Materials and Methods
2.1. Experimental Design
Each ejaculate was split into two fractions. One fraction was centrifuged to recover the seminal
plasma and to evaluate the activity of each enzyme, whereas the other was used to evaluate sperm
concentration, motility, and viability and then cryopreserved. Upon thawing, sperm motility and
viability were also assessed. Based on sperm post-thaw motility and viability, ejaculates were classified
as of good (GFE) or poor (PFE) freezability through cluster analyses (see Section 2.9).
2.2. Semen Collection
Throughout the year, semen samples were collected from 14 warmblood and Arabian stallions,
aged from 5 to 21 years old. All animals were housed at the Equine Reproduction Service, Autonomous
University of Barcelona (Bellaterra, Cerdanyola del Vallès, Spain). This is an EU-approved semen
collection center (Authorization code: ES09RS01E) that operates under strict protocols of animal
welfare and health control. All stallions used in this study were semen donors housed at that center
and were collected under CEE health conditions (free of Equine Arteritis, Infectious Anemia, and
Contagious Metritis). Since this service already runs under the approval of the Regional Government
of Catalonia (Spain) and because no manipulation to the animals other than semen collection was
carried out, the ethics committee of our institution indicated that no further ethical approval was
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required. A total of 16 ejaculates (2 from 2 stallions, and 1 from each of the other 12 stallions) was
acquired in a regular schedule using a phantom and an artificial vagina Hannover model (Minitüb
Ibérica, S.L.; Tarragona, Spain) filled with warm water to obtain a temperature range inside the lumen
between 48 ◦C and 50 ◦C. An inline nylon filter was used to remove contaminants and the gel fraction.
Two equal volume fractions of gel-free semen were obtained from each ejaculate. The first aliquot was
used to recover the seminal plasma, whereas the other was diluted 1:4 (v:v) with a preheated (37 ◦C)
skim milk extender (4.9% glucose, 2.4% skim milk, 100 mL double-distilled water). This latter aliquot
was used to evaluate sperm concentration, viability, and motility in fresh semen, and the remaining
volume was intended for cryopreservation.
2.3. Seminal Plasma Collection
Immediately after ejaculate collection, raw semen was placed in 50 mL conical tubes and loaded
in a centrifuge at 3000× g and 4 ◦C for 10 min (JP Selecta S.A., Barcelona, Spain). The supernatant
was examined for the presence of sperm cells and centrifuged again and again at the same conditions
until seminal plasma was free of spermatozoa. The absence of cells was assessed by a phase-contrast
microscope (Olympus Europe, Hamburg, Germany) at 200×. The number of centrifugations depended
on the ejaculate, and centrifugation was performed as many times as needed until samples were
sperm-free. Usually, around five centrifugations were required. Thereafter, samples were stored in
5 mL tubes at −80 ◦C until enzyme activities were measured. Before analysis, seminal plasma samples
were thawed on ice (4 ◦C).
2.4. Determination of Enzyme Activities
Tubes containing seminal plasma were thawed prior to evaluating their total protein content and
their total and specific activities of the following four antioxidant enzymes: superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPX), and glutathione reductase (GSR).
Total protein content was determined with a biuret-based total protein reagent, which consisted
of copper ions in an alkaline reagent that reacted with peptide protein bonds. This reaction resulted in
a purple color with a maximum absorbance of 540 nm, directly proportional to the concentration of
total protein in the sample. In parallel, a standard curve with bovine serum albumin was prepared.
Total enzyme activities of SOD, GPX, and GSR in seminal plasma were evaluated using a
commercial kit (Randox Laboratories Ltd, Crumlin, UK) following the instructions of the manufacturer.
In brief, the assessment of GPX activity (Ransel kit) was performed following the oxidation of the
reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) with cumene hydroperoxide
and glutathione reductase. Activity of GSR (Glut Red kit) was measured based on the oxidation
of NADPH. Finally, the evaluation of SOD activity (Ransod kit) was based on the formation of red
formazan dye generated by the reaction of 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride (INT) with the superoxide radical produced by xanthine and xanthine oxidase. An Olympus
AU400 analyzer (Beckman Coulter, Hamburg, Germany) was used to perform the analytical assessment.
CAT activity was measured through a spectrophotometric assay that monitors the change in
absorbance at 240 nm for 30 s, while H2O2 is reduced to H2O and O2 [17]. Briefly, 20 µL seminal
plasma was diluted in 830 µL phosphate buffer (62.5 mM, pH = 7.2) in a spectrophotometric cuvette.
The reaction started following the addition of 150 µl H2O2 in order to reach a final concentration of








× dilution f actor
where: A: absorbance, ε: extinction molar coefficient (H2O2), `: light path, dilution factor: 1000
To evaluate the purity of the enzyme in seminal plasma samples, specific activities of the four
enzymes were determined by normalizing the activity of each enzyme with the amount of total protein
in seminal plasma samples [19].
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2.5. Sperm Cryopreservation
Samples intended for cryopreservation were centrifuged in a Medifriger BL-S programmable
refrigerated centrifuge (JP Selecta S.A., Barcelona, Spain) at 600× g and 20 ◦C for 15 min. Immediately
after centrifugation, the supernatant was discarded using a vacuum pump and the sperm pellet was
resuspended in a commercial extender containing cryoprotectants (methylformamide and glycerol;
BotuCrio, Botupharma, Sweden). Sperm concentration, motility, and viability were again evaluated, and
the same commercial extender was added until a final concentration of 200 × 106 viable spermatozoa per
mL was reached. Samples were then loaded into 0.5 mL plastic straws and then sealed. Thereafter, straws
were cooled and frozen using an Ice-Cube 14S programmable freezer (Minitüb Ibérica, S.L.; Tarragona,
Spain) in three steps. First, semen was cooled from 20 ◦C to 5 ◦C for 60 min at a rate of−0.25 ◦C/min. In the
second step, the temperature was reduced from 5 ◦C to−90 ◦C for 20 min, at a rate of−4.75 ◦C/min. Finally,
the temperature decreased from −90 ◦C to −120 ◦C for 2.7 min, at a rate of −11.11 ◦C/min. Straws were
immediately plunged into liquid nitrogen and stored in tanks until thawing and analysis. The thawing
protocol consisted of incubating the straws at 37 ◦C for 30 s in a water bath followed by dilution with
three volumes of prewarmed Kenney extender at 37 ◦C (final concentration: 50 × 106 spermatozoa/mL).
After thawing, sperm motility and viability were evaluated at 10 min post-thaw.
2.6. Evaluation of Sperm Concentration
In order to determine sperm concentration, 10 µL of semen was placed in 990 µL buffered saline
containing 2% formaldehyde. Three independent counts under a phase-contrast microscope (Olympus
200×; Europe, Hamburg, Germany), using a Neubauer chamber (Paul Marienfeld GmbH & Co. KG;
Lauda-Königshofen, Germany), were made.
2.7. Evaluation of Sperm Motility
Sperm motility was evaluated, before and after cryopreservation, using a computer-assisted sperm
motility analysis (CASA) system (ISAS 1.0, Proiser; Valencia, Spain) in a prewarmed Neubauer chamber
under an Olympus BX41 phase-contrast microscope (Olympus 20× 0.30 PLAN objective; Olympus
Europe, Hamburg, Germany) with a heated stage at 37 ◦C. At least 1000 spermatozoa were counted
and the following motility parameters were evaluated: total (TMOT) and progressive sperm motility
(PMOT), curvilinear velocity (VCL, µm/s), average path velocity (VAP, µm/s), straight-line velocity
(VSL, µm/s), amplitude of lateral head displacement (ALH, µm), beat cross frequency (BCF, Hz),
linearity (LIN, %), straightness (STR, %), motility parameter wobble (WOB, %). Settings of the CASA
system were: frame frequency = 25 Hz; cell size range = 4–75 µm2; connectivity = 12. A spermatozoon
was classified as motile when VAP >10 µm/s, and progressively motile when STR ≥75%.
2.8. Evaluation of Sperm Viability
Sperm viability was evaluated before and after cryopreservation through SYBR14 and propidium
iodide (PI) using the Live/Dead Sperm Viability kit (Invitrogen Molecular Probes, Thermofisher;
Waltham, Massachusetts, USA) and a flow cytometer (Cell Laboratory QuantaSC cytometer, Beckman
Coulter; Fullerton, CA, USA). Samples, previously adjusted to 1 × 106 sperm/mL, were stained with
SYBR14 (final concentration: 100 nM) at 38.5 ◦C for 10 min, and with PI (final concentration: 12 µM) at
the same temperature for 5 min. Following this, spermatozoa were excited with an argon ion laser
emitting at 488 nm and set at a power of 22 mW. The sheath flow rate was set at 4.17 µL/min. Sperm were
selected on the basis of electronic volume (EV) and side scatter (SS), and the non-sperm specific events
were gated out. The EV channel was periodically calibrated using 10 µm Flow-Check fluorospheres
(Beckman Coulter, Brea, California, United States) by positioning this size bead in channel 200 on
the EV scale. A total of 10,000 events were evaluated and two optical filters were used: FL1 (green
fluorescence): Dichroic/Splitter, DRLP: 550 nm, BP filter: 525 nm; and FL3 (red fluorescence): LP filter:
670/730 nm. Signals were logarithmically amplified and photomultiplier settings were adjusted to
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each staining method. FL1 was used to detect SYBR14-fluorescence and FL3 was used to detect PI-red
fluorescence. Three sperm populations were identified: (i) viable spermatozoa (SYBR14+/PI–); (ii)
non-viable spermatozoa showing red fluorescence (SYBR14-/PI+); and (iii) non-viable spermatozoa
stained both green and red (SYBR14+/PI+). Non-sperm, debris particles were identified as non-stained
either for SYBR14 or PI (SYBR14−/PI−). SYBR14 spillover into the PI channel was compensated (2.45%).
2.9. Statistical Analyses.
Data were analyzed with a statistical package (IBM SPSS for Windows Ver. 25.0; IBM Corp.,
Armonk, NY, USA) and are shown as mean± standard error of the mean (SEM). First, data were checked
for normality (Shapiro–Wilk test) and homoscedasticity (Levene test). Following this, ejaculates were
classified into two freezability groups (GFE or PFE) based on their post-thaw sperm viability and
total motility, using the likelihood distance and the Schwarz’s Bayesian criterion (cluster analysis).
Total and specific enzyme activities between these two groups were compared with a t-test for
independent samples. Sperm motility and viability before and after freeze–thawing in GFE and PFE
were compared through a linear mixed model (intrasubjects factor: before and after cryopreservation;
intersubjects factor: GFE v.s. PFE) followed by post hoc Sidak’s test. Pearson coefficient was used to
calculate correlations between sperm parameters, and total and specific enzyme activities. The level of
significance was set at p ≤ 0.05.
3. Results
3.1. Classification of Ejaculates into Good (GFE) or Poor Freezability (PFE)
According to their post-thaw sperm viability and total motility, stallion ejaculates were classified as
of good (GFE) or poor freezability (PFE). From the 16 ejaculates included in this study, 8 were classified
as GFE and the other 8 were classified as PFE. Cut-off values for an ejaculate to be considered as GFE
were found to be: %TMOT: 52.1%; % viable spermatozoa: 58.6%. Table 1 shows sperm parameters (as
mean ± SEM) in fresh and frozen–thawed semen from GFE and PFE. Before cryopreservation, semen
quality parameters including viability and progressive and total motilities did not differ between both
groups. After thawing, viability, progressive and total motilities, and other kinetic parameters, such as
VSL, VAP, LIN, WOB, and ALH, were lower (p < 0.05) in PFE than in GFE.
Table 1. Quality parameters (mean ± SEM) of fresh and frozen–thawed semen from good and poor
freezability ejaculates (n = 16).
Fresh Frozen-Thawed
GFE PFE GFE PFE
PMOT 45.2 ± 2.9 52.3 ± 1.2 35.1 ± 1.9 ** 18.4 ± 1.0 **
TMOT 81.9 ± 3.8 85.6 ± 3.5 58.6 ± 2.1 ** 42.0 ± 1.4 **
VCL 102.0 ± 4.1 96.2 ± 4.5 66.3 ± 1.5 63.8 ± 2.4
VSL 53.5 ± 1.7 52.9 ± 2.7 34.8 ± 1.2 * 28.0 ± 1.0 *
VAP 75.1 ± 4.6 67.5 ± 4.5 43.9 ± 2.0 ** 35.2 ± 1.3 **
LIN 53.3 ± 3.0 55.0 ± 1.4 52.6 ± 0.7 ** 44.0 ± 0.4 **
STR 73.5 ± 4.5 79.2 ± 1.0 79.7 ± 1.1 79.6 ± 0.7
WOB 73.4 ± 2.6 69.5 ± 1.9 66.0 ± 1.5 ** 55.2 ± 0.1 **
ALH 2.8 ± 0.2 ** 3.6 ± 0.1 ** 2.7 ± 0.0 ** 3.3 ± 0.1 **
BCF 10.0 ± 0.7 ** 12.1 ± 0.5 ** 11.7 ± 0.5 12.3 ± 0.3
Viability 79.0 ± 1.3 77.9 ± 1.8 60.0 ± 0.5** 51.35 ± 2.1 **
Abbreviations: GFE: good freezability ejaculates; PFE: poor freezability ejaculates; PMOT: progressive motility;
TMOT: total motility; VCL: curvilinear velocity (µm/s); VSL: straight-line velocity (µm/s); VAP: average path velocity
(µm/s); LIN: linearity coefficient (%); STR: straightness coefficient (%); WOB: wobble coefficient (%); ALH: lateral
head displacement (µm); BCF: frequency of head displacement (Hz). *p < 0.05; **p < 0.01.
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3.2. Activity of Superoxide Dismutase in Seminal Plasma of Good and Poor Freezability Ejaculates
Total SOD activity in the seminal plasma of GFE and PFE are shown in Figure 1a (as mean ±
SEM). No significant differences were observed between GFE and PFE. However, as shown in Table 2,
total SOD activity in seminal plasma negatively correlated (p < 0.05) with percentages of progressively
motile spermatozoa after thawing. Figure 1b shows the specific SOD activities in GFE and PFE. GFE
exhibited higher (p < 0.05) specific activity of SOD than PFE. Moreover, SOD specific activities were
positively correlated (p < 0.05; Table 3) with sperm viability, total sperm motility, VSL, and LIN.
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Figure 1. Superoxide dismutase activities in stallion seminal plasma (mean ± SEM): (a) total activity;
(b) specific activity. Different letters (a, b) mean significant (p < 0.05) differences between good (GFE)
and poor freezability ejaculates (PFE).
Table 2. Pearson correlation coefficients between total enzyme activities and post-thawed sperm quality
parameters (n = 16).
SOD (U/mL) GPX (U/L) GSR (U/L) CAT (U/L)
PMOT −0.44 * −0.04 −0.32 −0.17
TMOT −0.22 −0.38 −0.09 −0.11
VCL −0.32 − .50 * 0.24 −0.11
VSL −0.33 −0.44 0.02 −0.35
VAP −0.37 −0.41 0.19 −0.23
LIN −0.23 −0.22 −0.22 −0.48 *
STR 0.25 0.16 −0.81 ** −0.49 *
WOB −0.31 −0.25 0.07 −0.29
A H 18 −0.13 0.29 0.44
BCF 0.29 −0.15 −0.62 ** −0.32
Viability −0.02 −0.30 −0.47 * 0.06
Abbreviations: GFE: good freezability ejaculates; PFE: poor freezability ejaculates; PMOT: progressive motility;
TMOT: total motility; VCL: curvilinear velocity (µm/s); VSL: straight-line velocity (µm/s); VAP: average path velocity
(µm/s); LIN: linearity coefficient (%); STR: straightness coefficient (%); WOB: wobble coefficient (%); ALH: lateral
head displacement (µm); BCF: frequency of head displacement (Hz). *p < 0.05; **p < 0.01.
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Table 3. Pearson correlation coefficients between specific enzyme activities and post-thawed sperm
quality parameters (n = 16).
SOD (U/mg) GPX (U/g) GSR (U/g) CAT (U/g)
PMOT 0.05 0.33 0.38 0.13
TMOT 0.50* 0.08 0.49 * 0.29
VCL 0.18 −0.20 0.60 ** 0.27
VSL 0.50 * 0.06 0.66 ** 0.11
VAP 0.37 0.03 0.73 ** 0.24
LIN 0.62 ** 0.26 0.45 −0.12
STR 0.33 0.18 -0.67 ** −0.75 **
WOB 0.45 0.19 0.64 ** 0.13
ALH −0.40 −0.48 * −0.19 0.26
BCF 0.36 −0.16 −0.50 * −0.50 *
Viability 0.46 * 0.04 −0.02 0.23
Abbreviations: GFE: good freezability ejaculates; PFE: poor freezability ejaculates; PMOT: progressive motility;
TMOT: total motility; VCL: curvilinear velocity (µm/s); VSL: straight-line velocity (µm/s); VAP: average path velocity
(µm/s); LIN: linearity coefficient (%); STR: straightness coefficient (%); WOB: wobble coefficient (%); ALH: lateral
head displacement (µm); BCF: frequency of head displacement (Hz). *p < 0.05; **p < 0.01.
3.3. Activity of Catalase in Seminal Plasma of Good and Poor Freezability Ejaculates
Neither total nor specific activities of CAT were found to differ between GFE and PFE (Figure 2a
and b). However, total CAT activity was negatively (p < 0.05) correlated with percentages of LIN and
STR at post-thaw (Table 2). Moreover, specific CAT activity was negatively correlated (Table 3) with
percentages of STR (p < 0.01) and BCF (p < 0.05) at post-thaw.
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Figure 2. Catalase activities in stallion seminal plasma (mean ± SEM): (a) total activity; (b) specific
activity. No significant (p > 0.05) differences between good (GFE) and poor freezability ejaculates (PFE)
were observed.
3.4. Activity of Glutathione Peroxidase in Seminal Plasma of Good and Poor Freezability Ejaculates
Total and specific activities of GPX are shown in Figure 3a and b, respectively. Although no
significant differences between GFE and PFE were observed, total GPX activity was negatively (p < 0.05)
correlated with post-thaw VCL (Table 2). Moreover, specific GPX activity was negatively (p < 0.05)
correlated with post-thaw ALH (Table 3).
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3.5. Activity of Glutathione Reductase in Seminal Plasma of Good and Poor Freezability Ejaculates
Total and specific activities of GSR are shown in Figure 4a,b, respectively. No significant differences
were observed between GFE and PFE. However, total GSR activity was negatively (p < 0.01) correlated
with percentages of viable spermatozoa, STR, and BCF at post-thaw (Table 2). Moreover, specific GSR
activity (Table 3) was negatively correlated with post-thaw STR (p < 0.01) and BCF (p < 0.05). Specific
GSR activity was also positively correlated with percentages of total motile spermatozoa (p < 0.05),
VCL (p < 0.01), VSL (p < 0.01), VAP (p < 0.01), and WOB (p < 0.01) at post-thaw.
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4. Discussion
This work was conducted to investigate whether total and specific activities of SOD, CAT, GPX,
and GSR in seminal plasma were related to the ability of stallion sperm to withstand cryopreservation.
We found that the specific activity of SOD was higher in GFE than in PFE.
Seminal plasma is the fluid, produced by the testis, the epididymis, and the male accessory glands,
that accompanies sperm at ejaculation [20]. It provides a suitable environment for sperm, and also
represents the most important source of antioxidants, enzymatic and non-enzymatic, able to re ove the
excess of reactive oxygen species inducing oxidative stress in semen. In that way, removal of seminal
plasma prior to cryopreservation may be one of the reasons for the lower fertility of frozen–thawed
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equine semen [21]. Differences in seminal plasma composition have been observed between and within
individuals, and within ejaculates [21]. Equine seminal plasma contains a plethora of enzymes able
to scavenge reactive oxygen species, in particular, superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase/glutathione reductase (GPX/GSR), which are able to catabolize superoxide
anion, hydrogen peroxide, and lipid peroxide. The main finding from this study is that, in stallions,
the specific SOD activity of seminal plasma is higher in GFE than in PFE. In addition, the specific
activity of that enzyme is positively and significantly correlated with post-thaw sperm viability.
SOD plays a key role in cell protection against oxidative stress, as it catalyzes the dismutation of
superoxide anion into hydrogen peroxide and molecular oxygen [22]. While, in stallion spermatozoa,
hydrogen peroxide is usually considered to be the most detrimental ROS, there is, at present, some
debate as to whether superoxides are also detrimental [23], since these species do not appear to be
converted into hydrogen peroxide [24]. The relationship between SOD activity and sperm function
and survival has been already investigated in human and livestock species. Barranco et al. observed
that total activity of SOD in boar seminal plasma is positively related with total and progressive sperm
motilities and hydrogen peroxide generation by viable spermatozoa, following 72 h of liquid storage at
17 ◦C [25]. In humans, the reduction of SOD activity in spermatozoa during cryopreservation has been
related to lipid peroxidation and subsequent loss of motility after thawing [26]. Moreover, positive
correlations have been found between SOD content and the ability of human sperm to withstand
freezing and thawing [27]. Based on other studies [28], Buffone et al. assumed a close association
between SOD content and SOD enzymatic activity and observed that post-thaw motility recovery
was positively correlated with SOD content in mature spermatozoa [27]. Remarkably, in the same
study, no significant correlation was found between SOD content in men seminal plasma and motility
recovery of spermatozoa after thawing [27], which appears to not match with our results. Under this
scenario, the antioxidant power of semen appears to differ between species. Therefore, we suggest
that SOD antioxidant protection in human semen is mainly provided by mature spermatozoa rather
than by seminal plasma as it occurs in stallions [21]. Moreover, and according to a previous study
in stallions, high levels of SOD activity have been found in the ampulla and the prostate, although
some activity has also been observed in the other accessory reproductive tissues [21]. Based on our
findings, we can hypothesize that stallion semen with higher SOD content in seminal plasma better
withstands oxidative stress during cryopreservation. Furthermore, since the activity of this enzyme
was evaluated right after ejaculation and seminal plasma was removed prior to cryopreservation,
we suggest that a short contact between sperm and seminal plasma proteins is enough to produce a
beneficial effect on sperm cryosurvival. Finally, a previous work demonstrated that adding epididymal
stallion spermatozoa with seminal plasma may increase the fertility of frozen–thawed semen [29].
Thus, we hypothesize that a quick interaction between sperm cells and seminal fluid is required to
increase the sperm resilience to cryopreservation, but a prolonged contact may be detrimental for
sperm storage [6].
Scavenging activity of SOD is completed by the activity of CAT, which reduces hydrogen peroxide
into water and molecular oxygen [22]. In stallions, total and specific activities of CAT in seminal plasma
have been shown to be high [14,30], although no correlation has been observed between total activity
of CAT in stallion seminal plasma and kinematic sperm parameters [14]. Interestingly, several studies
have demonstrated that the addition of CAT to semen prevents the adverse effects of oxidative stress
on human [31], mouse [32], boar [33], and stallion [34] spermatozoa. These previous studies support
the importance of CAT activity for ROS scavenging and the subsequent modulation of oxidative stress.
However, it is worth mentioning that conflicting results have been reported regarding fertility. Indeed,
while low total CAT activity has been associated with male infertility in humans [35], the total activity
of this antioxidant enzyme has been negatively correlated with the fertility of Arabian horses [36].
Moreover, although previous research supports that total CAT activity in equine semen decreases
after freeze–thawing [37], our study has found a negative correlation between total and specific
CAT activities and post-thaw kinematic sperm parameters (LIN, STR, and BCF). These differences
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warrant further research aimed at understanding the importance of the antioxidant system in different
mammalian species.
Protection against ROS-induced damage and maintenance of sperm function and survival are
also carried out by the glutathione system (GPX/GSR) [38]. The function of GPX is to reduce hydrogen
peroxide to water [22]. Following freeze–thawing, a reduction in the total GPX activity in equine semen
has been observed [37]. Furthermore, in Arabian horses, positive correlations of total GPX activity with
quality and fertility of fresh equine ejaculate have been observed [36]. In our study, however, total GPX
activity was negatively correlated with post-thaw VCL. While these data indicate that the functional
role of GPX differs between fresh and frozen–thawed equine spermatozoa, it is worth mentioning
that differences between species also exist. Indeed, the relative content of GPX1 and GPX5, which
are enzymes that belong to the GPX family, has been found to be positively correlated with sperm
cryotolerance, both in humans [38] and in boars [39].
GSR is also associated with antioxidant protection [40] and catalyzes the reduction of glutathione
disulfide (GSSG) to the sulfhydryl form of glutathione (GSH). In the present study, we have not
observed a clear relationship between total and specific GSR activities and post-thaw sperm quality
parameters, which makes the use of this enzyme as a freezability marker difficult. These results match
with previous works in humans, in which the relative content of GSR does not appear to be affected
during cryopreservation [38]. Although the main finding of this study is that the specific SOD activity
in seminal plasma is related to sperm cryotolerance, the other three enzymes investigated (i.e., CAT,
GPX, and GSR) were also correlated to some extent negatively or positively to post-thaw sperm motility.
In this context, it is worth mentioning that a previous study from our group observed no correlation
between SOD, CAT, GPX, and GSR activities in seminal plasma and fresh sperm parameters [38].
In spite of this, the relevance of these four enzymes matches with a previous study from Aurich et
al. in which the addition of seminal plasma from GFE was found to improve the sperm resilience
to cryopreservation, as it better maintained post-thaw sperm viability and progressive motility [6].
Consequently, the composition of seminal plasma, which appears to differ between GFE and PFE,
influences the freezability of stallion spermatozoa. In this context, it is worth remembering that during
freezing and thawing, spermatozoa are exposed to changes in osmotic pressure and variations in
temperature, which induce oxidative stress and subsequent cryoinjuries [1]. Overproduction of ROS
leads to a decrease in survival, acrosome integrity, motility, and fertilizing ability of equine sperm
cells [41,42]. In addition, Yeste et al. determined that ROS levels in frozen–thawed stallion spermatozoa
differ between GFE and PFE [43]. All these data support the great importance of antioxidant enzymes
such as CAT, GPX, GSR, and especially SOD, as its specific activity differs between GFE and PFE, in
the correct balance between the radical-generating and radical-scavenging potential. Our results also
suggest that the relationship between seminal plasma and the way that sperm cells handle oxidative
stress is due, at least in part, to the activity of these four enzymes.
Finally, this study supports the use of specific SOD activity in seminal plasma as a sperm
freezability marker in stallions. In this context, it is worth keeping in mind that looking for markers that
predict the ability of the ejaculate to be cryopreserved represents a challenge not only in equine but also
in other species. In boar seminal plasma, proteins such as non-heparin-binding spermadhesin (PSP-II)
or lipocalin enzyme (L-PGDS) have been identified as potential modulators of sperm freezability [44].
In the horse, Bucci et al. observed that the activity of alkaline phosphatase in seminal plasma is
positively correlated with post-thaw sperm viability [45]. Herein, we have identified that the specific
SOD activity in seminal plasma may also be used as a freezability marker, as it differs between GFE
and PFE.
5. Conclusions
In summary, the results obtained in this study support the hypothesis that the interaction of
seminal plasma components with stallion sperm impacts their freezability. The present study also
evidences that the specific activity of SOD in stallion seminal plasma is positively correlated with sperm
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ability to withstand cryopreservation. Further research to determine whether specific SOD activity
varies between ejaculates of the same individual is warranted, since this could address if specific SOD
activity in seminal plasma could be useful to classify a given stallion as a ‘good’ or ‘bad’ freezer.
Author Contributions: Conceptualization, J.M. and M.Y.; methodology, J.M., A.B., and M.Y.; investigation, M.P.,
J.C., and L.A.; data curation, M.P., L.A., and M.Y.; writing—original draft preparation, M.P.; writing—review and
editing, J.M., B.F.-F., and M.Y.; supervision, J.M. and M.Y.
Funding: This research was funded by the European Commission (grant number: H2020-MSCA-IF-79212), the
Ministry of Science, Innovation and Universities, Spain (grants: RYC-2014-15581 and AGL2017-88329-R), and the
Regional Government of Catalonia, Spain (2017-SGR-1229).
Acknowledgments: The authors acknowledge the technical support from Sabrina Gacem and Estela
Garcia-Bonavila.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Alvarenga, M.A.; Papa, F.O.; Neto, C.R. Advances in stallion semen cryopreservation. Vet. Clin. N. Am.
Equine Pract. 2016, 32, 521–530. [CrossRef] [PubMed]
2. Aitken, R.J.; De Iuliis, G.N.; Drevet, J.R. Role of oxidative stress in the etiology of male infertility and the
potential therapeutic value of antioxidants. In Oxidants, Antioxidants and Impact of the Oxidative Status in Male
Reproduction; Henkel, R., Samanta, L., Agarwal, A., Eds.; Elsevier Inc.: London, UK, 2019; pp. 91–100.
3. Sieme, H.; Oldenhof, H.; Wolkers, W.F. Sperm membrane behaviour during cooling and cryopreservation.
Reprod. Domest. Anim. 2015, 50, 20–26. [CrossRef] [PubMed]
4. Loomis, P.R.; Graham, J.K. Commercial semen freezing: Individual male variation in cryosurvival and
the response of stallion sperm to customized freezing protocols. Anim. Reprod. Sci. 2008, 105, 119–128.
[CrossRef]
5. Amann, R.P.; Pickett, B.W. Principles of cryopreservation and a review of cryopreservation of stallion
spermatozoa. J. Equine Vet. Sci. 1987, 7, 145–173. [CrossRef]
6. Aurich, J.E.; Kühne, A.; Hoppe, H.; Aurich, C. Seminal plasma affects membrane integrity and motility of
equine spermatozoa after cryopreservation. Theriogenology 1996, 46, 791–797. [CrossRef]
7. Kareskoski, M.; Reilas, T.; Andersson, M.; Katila, T. Motility and plasma membrane integrity of spermatozoa
in fractionated stallion ejaculates after storage. Reprod. Domest. Anim. 2006, 41, 33–38. [CrossRef]
8. Neuhauser, S.; Gösele, P.; Handler, J. Postthaw addition of autologous seminal plasma improves sperm
motion characteristics in fair and poor freezer stallions. J. Equine Vet. Sci. 2019, 72, 117–123. [CrossRef]
9. Al-Essawe, E.; Wallgren, M.; Wulf, M.; Aurich, C.; Macías-García, B.; Sjunnesson, Y.; Morrell, J. Seminal
plasma influences the fertilizing potential of cryopreserved stallion sperm. Theriogenology 2018, 115, 99–107.
[CrossRef]
10. Rodríguez-Martínez, H.; Kvist, U.; Ernerudh, J.; Sanz, L.; Calvete, J.J. Seminal plasma proteins: What tole do
they play? Am. J. Reprod. Immunol. 2011, 66, 11–22. [CrossRef]
11. Katila, T.; Kareskoski, M. Components of stallion seminal plasma and their influence on spermatozoa.
Anim. Reprod. Sci. 2006, 107, 249–256. [CrossRef]
12. Moore, A.I.; Squires, E.L.; Graham, J.K. Effect of seminal plasma on the cryopreservation of equine
spermatozoa. Theriogenology 2005, 63, 2372–2381. [CrossRef] [PubMed]
13. Chatterjee, S.; Gagnon, C. Production of reactive oxygen species by spermatozoa undergoing cooling,
freezing, and thawing. Mol. Reprod. Dev. 2001, 59, 451–458. [CrossRef] [PubMed]
14. Papas, M.; Arroyo, L.; Bassols, A.; Catalán, J.; Bonilla-Correal, S.; Gacem, S.; Yeste, M.; Miró, J. Activities of
antioxidant seminal plasma enzymes (SOD, CAT, GPX and GSR) are higher in jackasses than in stallion and
are correlated with sperm motility in jackasses. Theriogenology 2019, 140, 180–187. [CrossRef] [PubMed]
15. Gebauer, M.R.; Pickett, B.W.; Faulkner, L.C.; Remmenga, E.E.; Berndtson, W.E. Reproductive physiology
of the stallion. VII: Chemical characyeristics of seminal plasma and spermatozoa. J. Anim. Sci. 1976, 43,
626–632. [CrossRef] [PubMed]
16. Kareskoski, M.; Katila, T. Components of stallion seminal plasma and the effects of seminal plasma on sperm
longevity. Anim. Reprod. Sci. 2008, 107, 249–256. [CrossRef]
Antioxidants 2019, 8, 539 12 of 13
17. Maehly, A.C.; Chance, B. The assays of catalases and peroxidases. In Methods of Biochemical Analysis; Glick, D.,
Ed.; Intersciences Publishers, Inc.: New York, NY, USA, 1954; Volume 1, pp. 362–379.
18. Aebi, H.E. Catalase. In Methods of Enzymatic Analysis, 3rd ed.; Bergmeyer, H.U., Ed.; Verlag Chemie: Weinhem,
Germany, 1978; Volume 3, p. 273.
19. Robinson, P. Enzymes: Principles and biotechnological applications. Essays Biochem. 2015, 59, 1–41.
[CrossRef]
20. Mann, T.; Lutwak_Mann, L. Male reproductive function and semen. In Themes and Trends in Physiology,
Biochemistry, and Investigative Andrology; Mann, T., Lutwak_Mann, L., Eds.; Springer: Berlin, Germany, 1981;
pp. 1–37.
21. Baumber, J.; Ball, B.A. Determination of glutathione peroxidase and superoxide dismutase-like activities
in equine spermatozoa, seminal plasma, and reproductive tissues. Am. J. Vet. Res. 2005, 66, 1415–1419.
[CrossRef]
22. Ighodaro, O.M.; Akinloye, O.A. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPX): Their Fundamental role in the entire antioxidant defence grid. Alex. J. Med.
2017, 54, 287–293. [CrossRef]
23. Macías-García, B.; González-Fernández, L.; Gallardo-Bolaños, J.M.; Peña, F.J.; Johannisson, A.; Morrell, J.M.
Androcoll-E large selects a subset of live stallion spermatozoa capable of producing ROS. Anim. Reprod. Sci.
2012, 132, 74–82. [CrossRef]
24. Morell, J.M.; Kumaresan, A.; Johannisson, A. Practical implications of sperm selection techniques for
improving reproduction. Anim. Reprod. 2017, 14, 572–580. [CrossRef]
25. Barranco, I.; Padilla, L.; Tvarijonaviciute, A.; Parrilla, I.; Martínez, E.A.; Rodriguez-martinez, H.; Yeste, M.;
Roca, J. Levels of activity of superoxide dismutase in seminal plasma do not predict fertility of pig AI-semen
doses. Theriogenology 2019, 140, 18–24. [CrossRef] [PubMed]
26. Alvarez, J.G.; Storey, B.T. Evidence for increased lipid peroxidative damage and loss of superoxide dismutase
activity as a mode of sublethal cryodamage to human sperm during cryopreservation. J. Androl. 1992, 13,
232–241. [PubMed]
27. Buffone, M.G.; Calamera, J.C.; Brugo-Olmedo, S.; De Vincentiis, S.; Calamera, M.M.; Storey, B.T.; Doncel, G.F.;
Alvarez, J.G. Superoxide dismutase content in sperm correlates with motility recovery after thawing of
cryopreserved human spermatozoa. Fertil. Steril. 2012, 97, 293–298. [CrossRef] [PubMed]
28. Lasso, J.M.; Noiles, E.E.; Alvarez, J.G.; Storey, B.T. Mechanism of superoxide dismutase from human sperm
cells during cryopreservation. J. Androl. 1994, 15, 255–265.
29. Heise, A.; Kähn, W.; Volkmann, D.H.; Thompson, P.N.; Gerber, D. Influence of seminal plasma on fertility of
fresh and frozen-thawed stallion epididymal spermatozoa. Anim. Reprod. Sci. 2010, 118, 48–53. [CrossRef]
30. Ball, B.A.; Gravance, C.G.; Medina, V.; Baumber, J.; Liu, I.K.M. Catalase activity in equine semen. Am. J. Vet. Res.
2000, 61, 1026–1030. [CrossRef]
31. Aitken, R.J.; Buckingham, D.; Harkiss, D. Use of xanthine oxidase free radical generating system to investigate
the cytotoxic effects of reactive species on human spermatozoa. Reproduction 1993, 93, 441–450. [CrossRef]
32. Baiardi, G.; Ruiz, R.D.; Fiol de Cuneo, M.; Ponce, A.A.; Lacuara, J.L.; Vicent, L. Differential effects
of pharmacologically generated reactive oxygen species upon functional activity of epididymal mouse
spermatozoa. Can. J. Physiol. Pharmacol. 1997, 75, 173–178. [CrossRef]
33. Guthrie, H.D.; Welch, G.R. Determination of intracellular reactive oxygen species and high mitochondrial
membrane potential in Percoll-treated viable boar sperm using fluorescence-activated flow cytometry.
J. Anim. Sci. 2006, 84, 2089–2100. [CrossRef]
34. Baumber, J.; Ball, B.A.; Gravance, C.G.; Medina, V.; Davies-Morel, M.C.G. The effect of reactive oxygen
species on equine sperm motility, viability, acrosomal integrity, mitochondrial membrane potential, and
membrane lipid peroxidation. J. Androl. 2000, 21, 895–902.
35. Jeulin, C.; Soufir, J.C.; Weber, P.; Laval-Martin, D.; Calvayrac, R. Catalase activity in human spermatozoa and
seminal plasma. Gamete Res. 1989, 24, 185–196. [CrossRef] [PubMed]
36. Waheed, M.M.; El-Bahr, S.M.; Al-haider, A.K. Influence of seminal plasma antioxidants and osteopontin on
fertility of the Arabian horse. J. Equine Vet. Sci. 2013, 33, 705–709. [CrossRef]
37. Bustamante-Filho, I.C.; Pederzolli, C.D.; Sgaravatti, A.M.; Mattos, R.C.; Dutra-Filho, C.S.; Jobim, M.I.M.
Activity of glutathione peroxidase and catalase in stallion semen during cryopreservation. Anim. Reprod. Sci.
2006, 94, 70–73.
Antioxidants 2019, 8, 539 13 of 13
38. Makarova, N.P.; Romanov, Y.A.; Dolgushina, N.V.; Parker, M.M.; Krasnyi, A.M. Comparative analysis of the
expression of glutathione peroxidase and glutathione reductase genes in human sperm after cryopreservation.
Bull. Exp. Biol. Med. 2018, 165, 166–170. [CrossRef] [PubMed]
39. Li, J.; Barranco, I.; Tvarijonaviciute, A.; Molina, M.F.; Martinez, A.A.; Rodriguez-Martinez, H.; Parrilla, I.;
Roca, J. Seminal plasma antioxidants are directly involved in boar sperm cryotolerance. Theriogenology 2018,
107, 27–35. [CrossRef] [PubMed]
40. Zura Zaja, I.; Samardzija, M.; Vince, S.; Sluganovi, A.; Strelec, S.; Suran, J.; DelVechio, I.; Duricic, D.; Ostovi, M.;
Valpotic, H.; et al. Antioxidant protection and lipid peroxidation in testes and different parts of epididymis
in boars. Theriogenology 2016, 86, 2194–2201. [CrossRef] [PubMed]
41. Ball, B.A.; Vo, A.T.; Baumber, J. Generation of reactive oxygen species by equine spermatozoa. Am. J. Vet. Res.
2001, 62, 508–515. [CrossRef]
42. Ortega-Ferrusola, C.; Sotillo-Galán, Y.; Varela-Fernández, E.; Gallardo-Bolaños, J.M.; Muriel, A.;
González-Fernández, L.; Tapia, J.A.; Peña, F.J. Detection of ‘apoptosis-like’ changes during the
cryopreservation process in equine sperm. J. Androl. 2008, 29, 213–221. [CrossRef]
43. Yeste, M.; Estrada, E.; Rocha, L.G.; Marín, H.; Rodríguez-Gil, J.E.; Miró, J. Cryotolerance of stallion
spermatozoa is related to ROS production and mitochondrial membrane potential rather than to the integrity
of sperm nucleus. Andrology 2015, 3, 395–407. [CrossRef]
44. Recuero, S.; Fernandez-Fuertes, B.; Bonet, S.; Barranco, I.; Yeste, M. Potential of seminal plasma to improve
the fertility of frozen-thawed boar spermatozoa. Theriogenology 2019, 137, 36–42. [CrossRef]
45. Bucci, D.; Giaretta, E.; Spinaci, M.; Rizzato, G.; Isani, G.; Mislei, B.; Mari, G.; Tamanini, C.; Galeati, G.
Characterization of alkaline phosphatase activity in seminal plasma and in fresh and frozen-thawed stallion
spermatozoa. Theriogenology 2016, 85, 288–295. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
